that the external cuneate nucleus (ECN: lateral cuneate nucleus, accessory cuneate nucleus) in the dorsolateral medulla is a site of relay of sensory information from group I and II muscle afferents to the cerebellar cortex (9, 15, 20, 32) . However, recent evidence suggests that this nucleus may also play an important role in the regulation of the cardiovascular system. Terminal degeneration has been described in the ventral portion of the ECN after section of the vagus and glossopharyngeal nerves, which are known to carry afferent cardiovascular information (17, 18, 29) , and after lesions of a vasopressor and cardioacceleratory area in the posterior hypothalamus (6, 7). In addition, electrophysiological evidence indicates that the ECN receives a monosynaptic input from the aortic depressor nerve (14) and units in this region have been found to fire synchronously with the heartbeat (22).
. -The role of the external cuneate nucleus (ECN) in the control of heart rate was systematically investigated in 26 chloralosed and 2 decerebrated, paralyzed, and artificially ventilated cats. Electrical stimulation of histologically verified sites in the ventral ECN and dorsal spinal trigeminal tract elicited a marked decrease in heart rate, with threshold currents of 5-25 PA and an optimal frequency of 20 Hz when using a 0.2 ms pulse; this response was shown to be due to vagal excitation.
In seven experiments intravenous pentobarbital sodium decreased the magnitude of the bradycardia elicited by stimulation of the ECN, of the nucleus ambiguus @MB), and of the cervical vagus significantly less than the response from the nucleus of the tractus solitarius.
In that the external cuneate nucleus (ECN: lateral cuneate nucleus, accessory cuneate nucleus) in the dorsolateral medulla is a site of relay of sensory information from group I and II muscle afferents to the cerebellar cortex (9, 15, 20, 32) . However, recent evidence suggests that this nucleus may also play an important role in the regulation of the cardiovascular system. Terminal degeneration has been described in the ventral portion of the ECN after section of the vagus and glossopharyngeal nerves, which are known to carry afferent cardiovascular information (17, 18, 29) , and after lesions of a vasopressor and cardioacceleratory area in the posterior hypothalamus (6, 7) . In addition, electrophysiological evidence indicates that the ECN receives a monosynaptic input from the aortic depressor nerve (14) and units in this region have been found to fire synchronously with the heartbeat (22) .
These observations have prompted the following series of experiments. In the first series, the dorsolateral medulla, including the ECN, was stimulated systematically to identify sites eliciting cardiovascular responses and experiments were done to identify the efferent pathways responsible for the observed changes in heart rate. As it was demonstrated that electrical stimulation of the ECN elicited bradycardia mediated by vagal excitation, a second series of experiments was designed to ascertain whether the bradycardia was due to stimulation of cardiovascular afferents or to direct stimulation of efferent cardioinhibitory neurons. This was done by observing the effect of administration of a barbiturate, previously shown to depress synaptic transmission of baro-and chemoreceptor inputs to the medulla (23), on the vagal bradycardia elicited by stimulation of the ECN. In the third series, to test the possibility that the bradycardia was due to stimulation of fibers in the ECN originating in the nucleus ambiguus (AMB), lesions were made in the AMB and after sufficient time had passed for fibers originating in AMB to degenerate, the ECN was explored for sites eliciting vagal bradycardia. In the final series, to test the possibility that the ECN contributed cardioinhibitory axons to the ipsilateral vagus nerve, lesions were made in the ECN and after allowing sufficient time for fibers originating in this structure to degenerate the cervical vagus was stimulated. A preliminary communication of these experiments has been presented elsewhere (8) .
METHODS

Experiments
were done in 28 cats (2.0-3.8 kg) of either sex, 26 anesthetized with alpha-chloralose (60 mg/kg, iv) and 2 decerebrated at the midcollicular level, afier ethyl chloride and ether induction.
The trachea was cannulated and the animals were paralyzed with decamethonium bromide (Burroughs Wellcome Canada, La Salle, Quebec; 0.5 mg/kg, iv, initially and additional doses when necessary) and artificially ventilated. End-tidal CO, concentration was monitored with a Beckman gas analyzer (model LB-l) and maintained at a level of 4-5%. Polyethylene catheters were inserted into the femoral artery to record arterial pressure, and into the femoral vein for the administration of drugs. Arterial pressure, recorded by a Statham P23Dd transducer, and heart rate, measured from the arterial pressure pulse by a Grass 7P44A tachograph, were continuously recorded on a Grass model 7 poly-
The head of the animal was fixed in a Kopf stereotaxic instrument and after occipital craniotomy the caudal portion of the floor of the fourth ventricle was exposed either by lifting the vermis cerebelli or by removing the cerebellum by suction. Exposed nervous tissue was covered with warm mineral oil to prevent drying and the rectal temperature was continuously monitored and maintained at 37 t 0.2OC by a heating pad controlled by a Yellow Springs 73 temperature controller.
Stimulation of medulla. A region of the dorsolateral medulla from 1 mm caudal to 3.0 mm rostra1 to the obex, from 3.5 to 6.0 mm lateral to the midline, and from 0.3 to 3.0 mm below the dorsal surface was explored systematically. The reference point for positioning the electrode was the obex. Penetrations were made on a grid with points 0.5 mm apart, and in each penetration the electrode was advanced from the dorsal surface in steps of 0.3 mm. Unipolar stainless steel electrodes with tip diameters of 5-10 pm (shaft 175 pm, insulated to less than 25 ,Fcm from the tip, DC resistance in saline of 0.5-1.0 Ma) were used. The stimulus consisted of a 15-s train of rectangular pulses (50 PA, 20 Hz, 0.2 ms, except when indicated otherwise) delivered from a Grass S44 stimulator through a Grass PSIU 6B stimulus isolation and constant current unit.
Stimulation of cervical vagus. Bipolar stainless steel electrodes were used to stimulate the cardiac end of the cut cervical vagus. The stimulus consisted of a 10-s train of rectangular pulses of constant current (20 Hz, 0.2 ms). The current intensity was adjusted to elicit maximum bradycardia (5-10 mA).
Mechanism of heart rate response. To determine the efferent pathway of the heart rate response observed during electrical stimulation of the ECN the effect of selectively blocking either the sympathetic or the vagal input to the heart was investigated. The sympathetic input was blocked by the administration of the betaadrenergic blocking agent propranolol (1.5 "g/kg, iv, Ayerst Laboratories, Montreal) and the parasympathetic input was abolished either by cervical vagotomy or by the intravenous injection of atropine methylbromide (2 mg/kg, K & K Laboratories, Plainview, NY).
Chronic Lesions. In 12 animals under pentobarbital sodium anesthesia (35 mg/kg, ip, Nembutal, Abbott Laboratories, Montreal) electrodes were stereotaxically placed in either the AMB (n = 8) or the ECN (n = 4) at locations from which electrical stimulation elicited bradycardia. Unilateral electrolytic lesions were made at these sites using DC anodal currents of 5 mA for 10 s from a lesion maker (Stoelting Co., Chicago, model 58040). Multiple lesions were made to destroy the complete rostrocaudal extent of the structure. After a postoperative survival period of 11-27 days the animals were anesthetized with alpha-chloralose and the ECN on both sides was explored for sites eliciting bradycardia. In addition, the cardiac end of both cervical vagus nerves was electrically stimulated.
Histological localization. Most central sites of stimulation were marked by depositing iron from the tip of the electrode (10 PA for 15 s, electrode tip positive) and the remaining sites were identified between two R287 marked points in an electrode track. The animals were perfused through the femoral artery with a 0.9% saline solution followed by a 1% potassium ferrocyanide in 10% formaldehyde-saline solution. The brains were fixed for 3-5 days and frozen sections at 50 pm were stained with thionin.
All stimulation sites were mapped on camera lucida projection drawings of the medulla. To identify sites of stimulation Berman's nomenclature
(1) was used. The extent of the lesions was determined by examining serial transverse sections of the medulla stained with thionin or hematoxylin and mapped on camera lucida projection drawings of the medulla.
Data analysis. Heart rate and mean. arterial pressure were calculated as previously described (3). Heart rate and arterial pressure responses and the effect of drugs on these responses were analyzed statistically by using analysis of variance. Analysis of individual means was done by using a paired t test.
RESULTS
Cardiovascular
responses to stimulation of the ECN. The dorsolateral region of the medulla extending from 3.0 mm rostra1 to 1 mm caudal to the obex, from 3.5 to 6.0 mm lateral to the midline, and from 0.3 to-3.0 mm below the dorsal surface was systematically explored in 28 paralyzed cats, 26 under alpha-chloralose anesthesia and 2 decerebrated at the midcollicular level. As the results obtained in the decerebrated animals were similar to those obtained in animals under chloralose anesthesia they are presented together. The typical cardiovascular response to electrical stimulation of histologically verified sites in the ECN was a marked decrease in heart rate and arterial pressure. The cardiac slowing appeared immediately at the onset of stimulation, was sustained during stimulation, and was followed by tachycardia after the stimulus was discontinued. The arterial pressure response consisted of a decrease in diastolic pressure immediately at the onset of stimulation, and a decrease in systolic pressure that first appeared within 4-5 s after the onset of the stimulus and gradually increased to a maximum 7-10 s Mechanism of the heart rate response. mals. Although propranolol (1.5 mg/kg) administered to four animals reduced the control heart rate, it did not significantly alter the magnitude of the bradycardia. On the other hand, atropine methylbromide (n = 2; 2 mg/kg) or bilateral cervical vagotomy (n = 9) abolished the heart rate response. Furthermore, to ascertain whether the bradycardia was mediated by crossed or uncrossed pathways, in six animals the cervical vagus was cut first on the ipsilateral side and then on the contralateral side and in three other animals the order of cutting the vagus was reversed. In these animals contralateral vagotomy did not affect the magnitude of the bradycardia whereas ipsilateral va- gotomy abolished the cardiac slowing to stimulation of the ECN. These results are summarized in Table 1 and a typical experiment is shown in Fig. 1 .
Localization of cardiovascular sites in the ECN. The location of sites of stimulation in the dorsolateral region of the medulla that elicited cardiac slowing and arterial hypotension and the magnitude of the bradycardia elicited by stimulation are shown in Fig. 3 . The majority of sites of stimulation that elicited a bradycardia greater than 50 beats/min were within the external cuneate nucleus (ECN, 89/133, 67%). The remaining sites were in the spinal trigeminal tract (37/133, 28%), the parvicellular division of the alaminar spinal trigeminal nucleus G/133, 4%), and the dorsal nucleus medullae oblongatae centralis (2/133, ~2%). Figure 4 shows the heart rate responses obtained at different sites of stimulation in the dorsolateral medulla during a single electrode penetration.
To test the possibility that the cardiovascular responses elicited by stimulation of the ECN were due to spread of current to neighboring structures the threshold current to elicit these responses was determined in five animals. The results of two typical experiments are shown in Fig. 5 . The sites of lowest threshold for the bradycardia (~5 JLA) were located in the ventral portion of the ECN whereas the sites of lowest threshold for the arterial hypotension (510 PA) extended from the ventral ECN into the dorsal spinal trigeminal tract.
Effect during a single electrode penetration. In each panel on the right, heart rate (beats/min), corresponding to the sites marked in transverse section of medulla on left. Stimulus at each site was a 15-s train of rectangular pulses (50 PA, 20 Hz, 0.2 ms). Note that bradycardia was greatest during stimulation of ventral external cuneate nucleus and dorsal spinal trigeminal tract (sites C-F). AMB, nucleus ambiguus; CN, cuneate nucleus; DMV, dorsal motor nucleus of the vagus; FI'L, lateral tegmental field; ION, inferior olivary nucleus; LRN, lateral reticular nucleus; NTS, nucleus tractus solitarius; P, pyramidal tract; 5SP, alaminar spinal trigeminal nucleus (parvicellular bitory neurons (nucleus ambiguus, AMB) and of the peripheral end of the cut cervical vagus (CV). The results are summarized in Fig. 6 . The magnitudes of the heart rate responses elicited by stimulation of the right ECN, AMB, and left CV were similarly affected by administration of per&barbital and were not significantly different from each other. On the other hand the magnitude of the bradycardia elicited by stimulation of the NTS was significantly reduced with respect to the magnitude of the bradycardia elicited by stimulation of the other three structures at all doses of pentobarbital.
Effect of AMB lesions on the bradycardia elicited by stimulation of the ECN and CV. Experiments were done in eight cats to test the possibility that the vagal bradycardia observed during stimulation of the ECN was due to activation of cardioinhibitory axons originating in the AMB. Unilateral lesions were made in either the right or left AMB and after allowing sufficient time for the fibers originating in the AMB to degenerate (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) days) the ECN was stimulated. Electrical stimulation of the ECN ipsilateral (n = 41) and contralateral (n = 42) to the side of the lesion elicited marked decreases in heart rate (74 t 5 beats/min and 83 t 6 beats/min, respectively) that were not significantly different from each other and that were abolished by cutting the ipsilateral cervical vagus. In addition, electrical stimulation of the cardiac end of the cut cervical vagus, ipsilateral to the lesion in AMB, still elicited cardiac slowing (122 t 9 beatsimin) although the response was significantly smaller than the division); 5ST, spinal trigeminal tract; lON, vagus nerve; 12M, hypoglossal nucleus; l2N, hypoglossal nerve. response elicited by stimulation of the contralateral AMB and surrounding lateral @mental field, and the vagus (146 2 6 beats/min). Figure 7 shows in eight cats location of 41 histologically verified sites in the dorsothe location and extent of the lesions that destroyed the lateral medulla, ipsilateral to the AMB lesions, that of the CV ipsilatera1 to the side of the lesion in the ECN elicited a bradycardia (88 t 21 beats/min) that was significantly smaller than the response elicited by stimulation of the contralateral CV (151 t 13 beats/min).
DISCUSSION
Electrical stimulation of histologically localized sites in the dorsolateral medulla consistently elicited cardiac slowing and arterial hypotension in cats under alphachloralose anesthesia. The same results were obtained in two decerebrated animals. It is unlikely that these cardiovascular responses were secondary to respiratory changes or changes in muscular activity as they were elicited in paralyzed, artificially ventilated animals. The cardiac slowing was shown to be due exclusively to activation of cardiac vagal fibers as the heart rate response was not altered by the administration of the beta-adrenergic blocking agent propranolol but was abolished either by ipsilateral vagotomy or by administration of atropine methylbromide. On the other hand, it is likely that the depressor response was due to inhibition of tonic sympathetic activity and not secondary to the changes in heart rate or cardiac output as the arterial pressure response was not affected by vagotomy or the administration of atropine methylbromide. The observation that the depressor response was still present after the administration of a cholinergic blocking agent also excludes the possibility that this response was due to excitation of sympathetic cholinergic vasodilator fibers coursing within this region (11) .
The maximum change in the magnitude of the bradycardia was obtained by using frequencies of l-20 Hz; at 20 Hz the magnitude of the heart rate response was greatest and did not change significantly when higher stimulus frequencies were used. These findings are in close agreement with the frequency range for eliciting maximal cardiac slowing by stimulation of the peripheral cut end of the cervical vagus in the rabbit (2) , suggesting that these sites in the dorsolateral medulla are probably the locations from which cardioinhibitory axons originate.
The maximum depressor response occurred in the frequency range l-20 Hz. Increasing the frequency above 20 Hz decreased the magnitude of the depressor response and at stimulus frequencies greater than 40 Hz the arterial pressure response was reversed. Arterial pressure responses whose direction depends on frequency of stimulation have been described before and the mechanism responsible for this frequency dependence has not been elucidated (5) .
Histological localization of the sites of stimulation demonstrated that two-thirds of the positive sites were found in the external cuneate nucleus and one-third in the spinal trigeminal complex. As it has been reported recently that electrical stimulation of discrete sites in the spinal trigeminal nucleus and tract in the rabbit elicits arterial hypotension and an associated bradycardia (19, 31) , the possibility was considered that the cardiac slowing observed during stimulation of the external cuneate nucleus was due to spread of current to the spinal trigeminal complex. This possibility, however, is very unlikely for the following reasons. First, the distance between sites in the dorsal external cuneate nucleus eliciting bradycardia and the spinal trigeminal complex is sufficiently great that the responses cannot be accounted for by current spread (30) . Second, as illustrated in Fig. 4 , the magnitude of the heart rate response was altered by moving the electrode tip a distance of only 0.3 mm during a single electrode penetration.
Third, the majority of sites (67%) that elicited decreases in heart rate of greater than 50 beats/ min during electrical stimulation were within the external cuneate nucleus. Fourth, large heart rate responses were never elicited from sites histologically verified in the spinal trigeminal complex beyond the rostra1 or caudal border of the external cuneate nucleus. Finally, the sites with lowest threshold for cardiac slowing during an electrode penetration were consistently within the external cuneate nucleus.
An interesting finding in this study was that the sites with the lowest threshold for the depressor response were within the ventral external cuneate nucleus and dorsal spinal trigeminal tract. This is in close agreement with previous findings (19) for the trigeminal depressor response. It is therefore suggested that the depressor response is probably due to the excitation of trigeminal afferents, although the possibility that the response may be due to activation of vagal and glossopharyngeal afferents coursing in this region (17, 18) cannot be excluded.
The possibility that the bradycardia observed during stimulation of the external cuneate nucleus was due to activation of cardiovascular afferents terminating at or near this nucleus (14, 17, 18) was investigated by studying the effect of administration of pentobarbital, a barbiturate kriown to depress synaptic transmission (23), on the magnitude of the bradycardia elicited by stimulation of a known site of termination of baroreceptor tierents (nucleus of the tractus solitarius; Refs. 10, 14, 24, 28, 31) and that elicited by stimulation of either a known site of origin of cardioinhibitory neurons (nucleus amb' iguus; Refs. 16, 21, 31) or the cervical vagus. The present study confirms the earlier demonstration of the effect of this barbiturate on the cardiac slowing elicited during stimulation of the nucleus tractus solitarius, nucleus ambiguus, and the peripheral cervical vagus (13, 31) . Additionally, it has been demonstrated that the bradycardia elicited by stimulation of the external cuneate nucleus was as resistant to the depressant effect of pentobarbital as the bradycardia elicited by stimulation of the nucleus ambiguus and cervical vagus, and significantly more resistant than the response during stimulation of the nucleus of the tractus solitarius.
Although these data strongly suggest that the bradycardia observed during selective electrical stimulation of sites in the external cuneate nucleus was due to activation of cardioinhibitory neurons, the possibility existed that the cardiac slowing may have been due to excitation of axons originating in the nucleus ambiguus coursing through this area before their exit from the medulla. This possibility, however, is highly unlikely as it was shown that J. CIRIELLO AND F. R. CALARESU lesions in the nucleus ambiguus and surrounding area did not eliminate the bradycardia elicited by stimulation of sites in the external cuneate nucleus, but transection of the ipsilateral cervical vagus abolished it. Furthermore, electrical stimula tion of the cut peripheral cervical vagus on the same side of the lesion in the nucleus ambiguus still elicited bradycardia, indicating the presence of cardioinhibitory axons in the cervical vagus 11-27 days after a lesion in the nucleus ambiguus. Histological examination of the extent of the lesions showed complete ablation of the principal column of the nucleus ambiguus rostra1 to the obex, the area described as containing preganglionic vagal cardioinhibitory neurons (21) and receiving inputs from the nucleus of the tractus solitarius (25) , as well as damage to the surrounding lateral tegmental field and in some cases to portions of the spinal trigeminal nucleus. It may be argued that the survival period (ll-27 days) was not sufficient to allow for degeneration of cardioinhibitory axons originating in the nucleus ambiguus. However, this is unlikely as degenerating fibers have been observed in the cervical vagus and its cardiac branches af& lesions of the dorsal motor nucleus of the vagus after a survival period of only 9-11 days (4). These data therefore eliminate the possibility that the cardiac slowing elicited during electrical stimulation of the external cuneate nucleus was due to activation of efferent cardioinhibitory axons originating in the nucleus ambig uus and suggest that the externa .1 cu .neate nucleus is a site of origin of cardioinhibitory axons. This suggestion is further supported by the demonstration in this study that lesions of the external cuneate nucleus significantly attenuated the bradycardia elicited by stimulation of the ipsilateral cervical vagus. However, it is not possible to conclusively state that the external cuneate nucleus and nucleus ambiguus are the only medullary structures contributing cardioinhibitory axons to the vagus, as several other sites in the medulla have been shown to elicit vagal bradycardia when stimulated (e.g., Ref. 31) .
It is possible on the basis of the evidence in the literature and the data obtained in this study to propose a functional role for the external cuneate nucleus in the control of heart rate. Recent studies have shown that the carotid baroreceptor reflex is effective for both increases and decreases in arterial pressures whereas the aortic reflex acts predominantly as an antihypertensive mechanism (26, 27) . In view of the demonstration that the external cuneate nucleus receives a monosynaptic input from the aortic depressor nerve but not from the carotid sinus nerve (14) , and of the results obtained in this study, it may be suggested that the external cuneate nucleus acts as an important component of reflex arcs leading to cardiac slowing during arterial hypertension.
In summary, it has been shown that electrical stimulation of the external cuneate nucleus elicits vagal bradycardia and arterial hypotension. The bradycardia elicited by stimulation of the external cuneate nucleus was as resistant to the depressant effects of pentobarbital as the responses to stimulation of the nucleus 
